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ABSTRACT
The scattering of the laser air spark was reviewed.
The experiments of studying the wavelength shift, the
intensity distribution and the temporal profile of the
scattered light from the laser air spark were performed. Some
calculation of the simple model of the Thomson scattering and
the reflection from a dielectric sphere was done.
We found that there were two pulses in the
scattered light of the laser air spark. The first one was
with shorter duration and was seen in all direction. The
second one was with longer duration and could only be seen in
the near backward direction. We also found that the first
pulse of the scattered light was due both to the reflection
and the refraction of the breakdown spots of the air spark
and that the electron density at the breakdown spot was of
9.1x 1019cm-3 at that moment. The second pulse of the
scattered light might be due to the reflection of the shock
weve front of the laser supported detonation wave with less
electron density than the breakdown spots.
1Chapter 1
INTRODUCTION
The first report of optical breakdown was given by
Marker et al. (1964) at the third International Conference on
Quantum Electronics, held in Pafrs in February, 1963. It was
reported that when a ruby laser pulse of sufficiently high
power was focused by a lens in air, a bright spark occurred
at the focus, accompanied by a loud click. The phenomenon
attracted many physicists. The problem of how a laser photon
with 1.78 ev ionized atoms in air had becomed a hot topic
since then. The laser energy absorption was an important
problem.
As more researches were done, another interesting
phonomenon of the air spark was noticed. The plasma formed in
the air spark did not grow symmetrically but towards the
laser beam. Many experiments were performed to study the
structure of the spark so formed. The problem was related to
the hydrodynamics of the air. The degree of the compression
of the air could be found if the plasma growing process was
clear.
The scattering from the air spark was also an
interesting feature of the air spark. Experimentalists found
that there was scattering of laser light from the spark. The
wavelength of the scattered light was found to be shifted to
the blue side as well as to the red side but the light of the
same wavelength as the laser beam was not found. The
scattered light was a useful probe to obtain the information
2of the plasma, but the mechanism of the scattering was still
not clear.
At first, people thought that the mechanism of the
scattering of the laser air spark was due to Thomson
scattering from the free electron of the plasma. But the
spectrum and the intensity of the scattered light could not
be explained satisfactorily by the Thomson scattering model.
Later, people attributed the scattering to the reflection by
the shock wave front. But a suitable value of the index of
refraction of the shock medium was not found.
Trying to understand the origin of the air spark
scattering, we summaried the previous experiments about the
scattering and then performed the experiments of air spark
scattering. We studied the wavelength shift of the scattered
light at different angles, the angular distribution of the
intensity of the scattered light in three orthogonal planes
and the temporal profile of the scattered light.
We found that there were two kinds of the scattered
light from the air spark. The first one appeared early and
was found in all direction, while the second one appeared
late and was found only in the near backward direction.
In this thesis, a general background of the laser air
spark was given in Chapter 2. In Chapter 3, we collected all
the theoretical consideration about the scattered light of
the spark. The result of our experiments was in Chapter 4.
Chapter 5 was our conclusion of the experiments of the air
spark scattering.
3Chapter 2
GENERAL BACKGROUND OF LASER AIR SPARK
After the discovery of optical breakdown of gases, the
phenomenon attracted many physicists. There were roughly
three areas of study within laser breakdown, (1) the
ionization mechanism, (2) the growing of plasma after
breakdown and (3) the scattering of laser light from the
plasma formed.
2.1 Breakdown Mechanism
There were two generally accepted mechanisms that led to
optical breakdown of gases. One was the m ultiphoton
absorption and the other was the process of electron
cascade.
2.1.1 Multiphoton Ionization
Although the laser photon energy (ruby:1.78ev) was
several times less than the quanta required to knock out the
electron from the molecule of the gas, laser induced
breakdown occured in various gases and under various pressure
when sufficient laser intensity was reached. Simultaneous
absorption of several photons was then proposed to be the
cause of breakdown. The probability of an atom or a molecule
to absorb simultaneously k photons was proportional to the k
power of the laser intensity. That was why high intensity
laser beam was favored in this process.
4Bebb and Gold (1965) were the first ones to use the nth-
order perturbation theory and a semiclassical formulation of
the interaction between an atom and a radiation field to
calculate the threshold of the optical breakdown. They
found that the main contribution was from intermediate
excited states whose engergies were close to an integral
number of photon energies. Tomlinson (1965) showed that the
theoretical result was at least two orders higher than the
experimental one but Bebb and Gold pointed out that
mulitphoton ionization had at least an essential role in
providing initial electrons for other process.
Other contribution to the calculation of multiphoton
ionization was by Keldysh (1965), Tozer (1965) and Wright
(1964).
2.1.2 Electron Cascade
Electron cascade ionization was the most significant
process in optical breakdown. It was assumed that a few
electrons appeared in the focal region at the beginning of
the laser pulse..The free electron absorbed the energy of the
laser beam by collision with the atoms. After accumulating an
energy higher than the ionization energy, the electron might
leave an atom thus increasing the number of free electrons.
If the rate of electron leaving of the atoms was greater than
the rate of the electron diffusing away, the density of
electron would grow exponentially and breakdown occured. A
classical microwave breakdown thoery was extended to optical
frequencies by Minck (1964). Zel'dovich Raizer (1965).
5Askar'yan & Rabinovich (1965), Smith & Meyerand (1976) ana
other authors.
Smith and Meyerand (1976) summarized the effect of the
loss mechanisms and predicted the breakdown threshold in
three pressure regions. In the low-pressure multiphoton
ionization region, the threshold was very high and was
insensitive to the pressure. In the region that the pressure
is high enough to forbid the-electron from diffusing away the
focal region, the threshold decreased with the pressure. In
the high-pressure region where the collision frequency was
greater than the frequency of the radiation field, the
threshold increased as the square of the gas pressure.
2.1.3 Experiments
Experiments aiming at the understanding of the mechanism
responsible for gas breakdown were performed to study the
dependence of the threshold field on various parameters eg.
pressure: Minck (1964) and Gill & Dougal (1965), laser
frequency: Buscher, Tomlinson & Damon (1965) and Alcock,
DeMichelis & Richardson (1969).
2.2 Plasma Grow
After the occurance of breakdown, a cloud of plasma was
formed. The subsequent laser energy was almost totally
absorbed by the plasma and the temperature reached 60 ev
(700,000K) according to Mandel'shtam (1965) in his soft X
radiation measurement.. The plasma then expanded
asymmetrically toward the focusing lens.
6Raizer (1965) suggested three mechanisms to explain the
growing process: (1) breakdown wave, (2) detonation wave and
(3) radiative wave.
2.2.1 Breakdown Wave
If the light flux at the focus was appreciably larger
than the threshold for the breakdown, the intensity exceeded
the threshold also in a certain area near the focus after
some time. The breakdown took place also in other places
along the laser beam, but with a delay with respect to the
spark in the focus.
This mechanism explained why there were discrete sparks
propagated in both forward and backward direction along the
laser beam and the phenomenon was always found in experiments
using long focal length lenses.
2.2.2 Detonation Wave
The heated gas at the focus expanded and transmited a
shock wave in all directions, including the direction towards
the laser beam. Great absorption occured at the shock layer
because of high electron density and so a unidirectional
laser-supported detonation wave was generated.
2.2.3 Radiation Wave
The plasma formed from air spark emitted radiation in
far ultraviolet which was highly absorbed by the surrounding
cold gas. Thus a layer of gas outside the plasma, although
transparent to laser light, was heated by the plasma
radiation, and on reaching a sufficiently high temperature
7this layer became ionized and absorbed laser energy to high
temperature, so the boundary of the plasma would move towards
the laser.
2.2.4 Experiments
Thp experiments studing the plasma grow process was done
with streak camera: Ramsden Davies (1964), electron-optical
converter: Korobkin et al. (1967), and Schlieren system:
Alcock et al. (1968). All growing process: the breakdown




Ramsden and Davies (1964) first reported the observation
of scattering of the laser beam by the plasma so formed. They
observed that the radiation scattered from the laser spark
appeared as a sharp line close to the laser wavelength, but
shifted to blue by up to A. A line shifted to red was
occassionally found accompany it. They attributed the
scattering to the fast moving electrons, and the shift in
wavelength was a Doppler effect due to a motion of the
plasma as a whole towards the lens. Their streak photograph
measurement of the luminous velocity (l07cm/sec) also
supported their explanation. But, they got a 0.4A spectrum
line width of the scattered laser light and could not give a
good explanation. From the scattering intensity, 10-9 of
incident beam, they concluded that the electron density was
8of 5 x 1019cm-3.
Besides, they studied the time profile and the
polarization of the scattered pulse. They concluded that the
scattered pulse was of 20ns duration and without any
polarization at all. Those results did not agree with
the experimental result obtained by other experimentalists.
Mandel'shtam et al. (1965) studied the wavelength shift
of the scattered light. The broadening of the line scattered
by the plasma was found to be about 1A. The shift of line was
up to 3A. To verify that the shift was due to Doppler effect,
they observed the scattering in backward direction. They
claimed, without showing the data, that the magnitude of the
shift was found to be twice as large as the shift at 90
degrees. From the study of the dependence of the shift on the
intensity of the laser radiation, they concluded that the
plasma was travelling like a detonation wave.
Young, Hercher and Wu (1966) first studied the angular
distribution of intensiy of the scattered light from the air
spark in three orthogonal planes. The incident beam was
polarized in the horizontal plane, and the scattered light
was observed as a function of angle in three orthogonal
planes, (1) a plane normal to the laser axis, (2) a plane
containing the laser axis and the polarization vector of the
incident beam, and (3) a plane containing the laser axis and
perpendicular to the polarization vector. The detector output
was proportional to the time-integrated scattered light. From
the data of the scattering in the first plane, they claimed
9they got a curve of cost2 although the reading was not zero
at 90 degrees. They attributed the scattering to the
classical Thomson scattering from free electrons but they
could not explain the pronounced scattering in the near
forward direction in the other two planes.
Savchenko and Stepanov (1968) studied the scattered
light both in the direction perpendicular to and along the
polarization vector of the incident beam. The polarization
vector of the laser beam was oriented vertically. The
intensity ratio of the scattering in the two planes obtained
photoelectrically and photographically was 2. The result
could not be explained by Thomson scattering. The
polarization of the scattered light was also measured. It is
found that the light scattered along the polarization vector
of the incident beam was polarized along the beam. They
concluded the scattering was the reflection or refraction due
to strong variation in the index of refraction in a very
small region.
Ahmad, Gale and Key (1969) suggested the scattering from
air spark was due to Fresnel reflection of the plasma
boundary. Their conclusion was made by considering the
intensity of the scattering from the air spark at 90 degrees
to the incident beam.
Tomlison (1969) also concluded that the scattering of
the, air spark was due to reflection. He found the
scattered light was about 10-7 to 10-5 of the incident power.
He estimated the electron density to be 3 x 1019 to
3 x 1020 cm-3.
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Wang and Daivs (1971) also studied the angular
dependence of the scattered laser light. They also found the
large scattering in the near forward direction of the two
orthogonal planes consisting the laser axis. in the plane
parallel to the polarization vector of the incident beam, a
minimum was located near 105 degrees. They attributed the
scattering to the diffration and reflection from a tiny
sphere. They estimated the radius of the sphere to be 9.3 m
and its index of refraction to be 0.7-0.45i. The index of
refraction they obtained led to the electron density of
7 x 1020cm-3.
2.4 Summary and discussion
The research on laser induced air spark has been
performed for more than twenty years. A very comprehensive
summary was found in the book of Hughes (1975). We found that
f w research was performed to study the problem of the laser
air spark scattering after 1971. This problem was still not
so clear as the other problems in the area of laser induced
air spark.
Thomson scattering was the first model proposed but was
insufficient to explain the properties of the scattering. The
spectral line width and the intensity of the scattering were
not predicted by the theory.
Reflection was proposed after the failure of the Thomson
modle. The index of refraction was still not well estimated.
There were still some important experiments worth to be
perfromed. The wavelength shift and the temporal profile of
11
the scattered light from the air spark observed in different
angle have not been studied. With more information of the
scattering, we could know more about the mechanism of





In this chapter, we performed some simple calculations
which related to the laser air spark scattering.
3.1 The relation between the wavelength shift and the angle
of scattering
Fig. 3.1
In the scattering problem, the wavelength shift of the
scattered light was dependent on the angle of scattering of
the light and the velocity of the scatterer. A simple picture
was shown in Fig. 3. 1. v was the speed of the scatterer,
was the angle of the velocity with respect to the
incident beam and was the scattering angle. This problem
should be considered relativistically because the velocity of
light was concerned. In the co-moving frame of the scatterer,
the scatterer was stationary and the light was scattered
without changing of wavelength. With the help of the
tranformation from the co-moving frame back to the stationary









If the scattering was the reflection from a expanding sphere
with radial velocity v.
(3-4)
With
We could obtain the information of the scattering
mechanism of the air spark from the experiment which studied
the wavelength shift in different angles.
3.2 Estimate of the intensity of scattering
3.2.1 Thomson scattering
The differential cross-section of Thomson scattering was
(3-5)
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The equation was in Gaussian unit. e, m and c were the
electron charge, the electron mass and the speed of light
respectively.
The intensity ratio of the scattered light and the
incident beam was
(3-6)
N was the total number of free electron and d was the
distance between the detector and the spark.
With N = 1013 and d= 20cm
That the total number of electron N equal 1013 was mearsured
by Meyerand and Haunght (1963) in a single air spark.
3.2.2 Reflection from a sphere
A typical value of the reflectance was the reflectance
of normal incident. The reflectance was
(3-7)
(3-8)
The intensity ratio of the reflected light from a tiny
= 7.9 x 10-26cm2
= 2.0 x 10-28N
= 2.0 x 10-15
R = (
n' - n




sphere and the incident beam was
(3-9)
r was the radius of the sphere and d was the distance between
the detector and the spark.
d= 20cm. Then
r= 100 m was measured from a magnified photograph of the
scattering sphere.
Although reflection was large in comparison with the
Thomson scattering, its effect was still very small.
3.3 The intensity distribution of the scattering of a
polarized beam in the plane perpendicular to the laser
beam axis
3.3.1 Thomson scattering
The angular distribution of the differential cross-
section of Thomson scattering in the plane perpendicular to
the laser beam axis was
(3-10)
where ro was the classical radius of electron.
If n = 0.01, R = 2.5 x 10-5 and if r = 100 m,
= 1.6 x 10-12
ri2sin2
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3.3.2 Fresnel reflection from a sphere
The intensity of reflection from a sphere in the plane
perpendicular to the laser beam axis depended on the factor
RI was the reflectance when the polarization vector of the
incident beam was perpendicular to the plane of incidence and
R1, was the reflectance when the polarization vector was
parallel to the plane of incidence.
With n= 0.9
with n= 0.8
and with n= 0.7
We could fit the experimental data to the equation
(3-11)
With the ratio of a and b, we could obtain the information of
the index of refraction.
3.4 The intensity distribution of the scattering of the
polarized beam in the plane parallel to the laser beam
3.4.1 Scattering in the plane perpendicular to the







The differential cross-section of Thornson scattering in
the plane perpendicular to the polarization vector of the
incident beam was a constant.
(3-12)
3.4.1.2 Reflection from a sphere
Let b, the impact parameter be the distance of the
incident beam from the principle axis. The relation of b with
wasthe scattering angle
(3-13)
where r was the radius of the sphere.
The differential cross section of the scattering was
(3-14)
The angular distribution of scattering intensity in the plane







n was the index of refraction of the plasma and might be a
complex number. Angular dependence of R1 with several n was
plotted in Fig 3.2
In the graph, we found the reflectance was small in near
backward direction and increased greatly when the angle
decreased. Total reflection was found only when nr less than
1 and ni equal zero.
3.4.2 Scattering in the plane parallel to the E vector of the
polarized incident beam
3.4.2.1 Thomson scattering
The angular distribution of the differential cross-
section of Thomson scattering was
(3-18)
3.4.2.2 Scattering from a sphere
The angular distribution of scattering from a sphere was
(3-19)
(3-20)
was plotted in Fig. 3.3
R against
19
Like the curve in Fig. 3.2, the curve in Fig. 3.3 was
with great value at small angle and decreased with increasing
angle. But the curve in Fig. 3.3 reached a minimum near 90
degrees and increased when the angle approached 180 degrees.
We could also find that the minimum was at the angle less
than 90 degrees when nr was greater than 1 and at the angle
greater than 90 degrees when nr was less than 1. The value of
n. did not affect the location of the minimum.
The experiment studying the angular dependence of
scattered light intensity was useful for us to know more
about scattering of the air spark.
3.5 The dependence of index of refraction
3.5.1 The index of refraction due to the plasma
(3-21)
(3-22)
where w was the angular frequency of the incident laser beam
w was the plasma frequency and I)eti was the collision
Pe
frequency of the electrons and ions. The real part and
imaginary part of the index of refraction, nr and ni against
was plotted in Fig. 3.4. In the graph, we
and
20
found that nr approached a value of when Q was
small and decreased when (1 increased. ni increased with
at first and reached a maximum at equal to 1.
Afterward ni decreased with ,
(3-23)
where ne was the electron density, e was the electron charge,
me was the electron mass and was the permittivity of
free space.
(3-24)
where Z. was the number of electron that left the atom, ni
was the density of ion, In A was the Coulomb logarithm with
the order of 10, k was the Boltzman constant and Te was the







A: index of refraction= 1.1
B: index of refraction= 1.1-- 0.2i
C: index of refraction= 1.1- 0.4i
40° 100° 160°
ANGLE OF SCATTERING
Fig. 3.2a The reflectance of the interface of a medium
and the vacuum with the polarization of the
incident beam perpendicular to the plane of







D: index of refraction= 0.9
E: index of refraction= 0.9- 0.2i
F: index of refraction= 0.9- 0.4i
40° 100° 160°
ANGLE OF SCATTERING
Fig. 3.2b The reflectance of the interface of a medium
and the vacuum with the polarization of the
incident beam perpendicular to the plane of









A: index of refraction= 1.1
B: index of refraction= 1.1- 0.2i
C: index of refraction= 1,1- 0.4i
40° 100° 160°
ANGLE OF SCATTERING
Fig. 3.3a The reflectance of the interface of a medium and
the vacuum with the polarization of the incident










D: index of refraction= 0.9
E: index of refraction= 0.9- 0.2i
F: index of refraction= 0.9- 0.4i
40° 100° 160°
ANGLE OF SCATTERING
Fig. 3.3b The reflectance of the interface of a medium and
the vacuum with the polarization of the incident
























Fig. 3.4 The dependence of the index of refraction of plasma










In our experiment, air spark was generated by focusing
high power laser beam in air. A Q-switched ruby laser was
used and the focusing lens had a focal length of 2.4cm. The
wavelength shift of the scattered light was studied with a
monochromater and the intensity and the temporal profile were
studied with a photodiode and a fast occilloscope.
4.1.1 The ruby laser
Our laser was a Laser Associates, Ltd. Model 211 ruby
laser. The ruby rod was 16.3cm long, 1.6cm in diameter. The
two end surfaces of the ruby rod were parallel and were
covered with two windows because of water cooling. A totally
reflecting dielectric mirror and a wedge--like sapphire window
with 7% reflection were used as the rear and the front
mirrors of the laser cavity respectively. The separation
between the two mirrors was 74cm. The alignment of the
mirrors, windows and the ruby rod were done by means of a He-
Ne laser or an auto-collimator. We believed that alignment
with a He-Ne laser was more accurate because we could make
use ofthe interference fringes produced by the reflection of
the surfaces of the front and rear mirrors. No two surfaces
were parallel with each other except the rear and front
mirrors. Fig. 4.1 showed-the construction of the laser.
The ruby rod was optically pumped by a flash lamp
27
manufactured by E.G.G.. The ruby rod and the flash tube were
water-cooled by circulating de-ionized water maintained at
15-18 °C. There were three capacitor units to supply energy to
the flash lamp. Each unit consisted of twenty 40pf
capacitors. Only two units were connected to the flash tube
in our experiments. The charging voltage of the capacitors
was between 1.9kv and 2.2kv. Thus, the energy supplied to the
flash lamp was about 3k.7. The ruby laser was in single pulse
mode and was manually triggered.
The ruby laser was Q-switched by a Pockels cell or a dye
cell placed between the ruby rod and the rear mirror. The
Pockels cell was driven by an Inrad Q-switch driver. Both the
output voltage and the time delay could be adjusted in steps
of lOv and ims respectively. The optimum operating voltage
and time delay were 2.6kv and 1860 ms. The Q-switch driver
was triggered by the synchronous pulse from the ruby laser
power supply unit. The dye cell was filled with cryptocyanine
dissolved in ethanol. The concentration of the cryptocyanine
was adjusted to produce single laser pulse. Further increase
of both the concentration and supplied energy to the flash
lamp would increase the peak power and decrease the width of
the laser pulse.
When Pockels cell was used, the energy of the laser
pulse was 3.25J. The full width at half maximum of the pulse
was between 15 to 3Ons. The divergence of the laser beam was
found to be 4mrad when a polarizer of lcm x lcm square was
used. When the dye cell' was used r the energy of the laser
28
pulse was 5J. All the available energy from the laser rod
was used because the diameter of the window of the dye cell
was larger than the diameter of the rod. The full width at
half maximum of the pulse was between 15 and 25 ns. The
divergence of the laser beam was found to be 6mrad. Fig. 4.2
showed the pulses from the laser Q-switched by Pockel cell
and dye cell. No mode selection was attempted.
4.1.2 The Monochromator
The wavelength shift of the scattered light from the air
spark was measured with a monochromator. The instrument we
used was a model 218 0.3-meter scanning monochromator made by
GCA/McPherson Instrument. The grating had a 52mm x 52mm ruled
area on a SNAP-IN blank. It had 1200 grooves per millimeter.
The blaze Wavelength was 7500A and the blaze angle was
26°45'. The dispersion and the resolution of the device,
0 0
when a lop slit was used, was claimed to be 26.5A/mm and 0.6A
respectively. A camera attachment was provided by the company
to allow the instrument to be used as a spectrometer. Films
should be cut to proper size and loaded into the camera for
taking a spectrum. Each exposure covered a range of
approximately 300A. Calibration of the dispersion was done
with a mercury lamp provided by the company. We performed the
calibration ourselves and the result was put in table 4.1.
The positions of spectral lines on the film were mearsured
with a travelling microscope with a reading accuracy of loam.
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4.1.3 The photodetecting system
In our experiment, the intensity of the scattered light
was measured by means of a photodiode. The photodiode was
made by RS Components Limited and its model number is
BPX-65. It had a 1mm x 1mm photosensitive region. Its peak
O
spectral response was at 850 nm. The responsivity was 0.55A/W
and the rise time was 0.5 ns typically. The signal output
was recorded by a Tektronix 7633 storage oscilloscope with a
7A26 dual trace plug-in amplifier and a 7B53A dual time-base.
The oscilloscope was operated in internal triggering mode.
The triggering signal was from another photodetector made by
Laser Associates. The circuit of the photodiode and the
triggering system were shown in Fig.4.3.
In our experiment, the load resistance was 50 ohm and
the length of the cable leading the signal. to the C'R0 was
82cm. Other load resistances and cable length were tried.
Their effect was noticed and was shown in Fig.4.4. Reflection
of pulse was observed when the load resistance was different
from 50 ohm. The reflection had the same phase when the load
resistance was larger than 50 ohm. The reflection was out of
phase otherwise. The delay of the reflected pulse was
proportional to the cable length and the velocity of signal
propagation in cable was 0.66 of the speed of light.
In our experiment, BPX-65 photodiode was put in a box
shown in Fig.4.5 which provided good optical sheilding to the
0detector. An 6943A interference filter from Edmund Scientific
Company was put before the photodiode to select the laser
frequency. In addition, neutral density filters were added to
30
reduce the intensity of light to the photodiode. we noticed
that there was distortion when the output voltage of the
detecting system was larger than 5Omv. The transimission of
the neutral density filters had been calibrated with a He-He
laser and with the ruby laser before we performed the
experiments.
31





Fig. 4.1a Laser system with dye cell
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front mirror




Fig. 4.1b Laser system with Pockels cell
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Fig. 4.2a The laser pulse when dye cell was used





















Fig. 4.3b The triggering circuit
35
Fig. 4.4a Resistance = 22ohm, cable length = 82cm
Fig. 4.4b Resistance = 100ohm, cable length = 82cmmm
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Fig. 4.4c Resistance= l00ohr, cable length= 240cm
Fig. 4.4 The effect of the resistor and the cable length
on the recorded signal














Fig. 4.5 The structure of the optical shield box
IF. was the interference filter
































4.2 Studies of Wavelength Shifts of the Scattered Light from
the Air Spark
The spectrum of the scattered light near 6943A was
studied. The wavelength shift of the scattered light in
different angles was carefully measured. The effect of the
electric field to the wavelength shift was also studied. We
also tried to explain the spectrum of the scattered light of
the,.air spark Ma and Zheng (1983) got.
4.2.1 Study-of the wavelength shifts at different angles
4.2.1.1 Setup
The experimental setup was shown in Fig.4.6. The air
spark was formed by focusing the laser beam with a lens of
2.4cm focal length and 1.5cm diameter. Another lens with 10cm
focal length and 7.5cm diameter was used to collect the
scattered light onto the input slit of the monochromater.
When the forward and the backward scattering was studied, a
piece of glass was used to reflect the scattered light away
from the laser beam axis and onto the entrance slit of the
monochromater.
4.2.1.2 Procedure
1) The alignment of the setup was done as follows. A
sewing needle was put at the focus of Ll, the focusing lens,
to scatter the light from a He-Nle laser. The positions of L2,
the collecting lens, and the monochrornater were adjusted so
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that the scattered light fell on the slit. We removed the
camera, turned the drum reading of the monochromater_ to 6328
and looked directly into the monochromater through the exit
window. The position of the monochromater was then further
adjusted until the He-Ne light was seen.
2) A roll film was cut into a suitable size and loaded
into the camera in a dark room. The first exposure of the
film was under the scattered light of He-Ne laser beam
from the needle. We could be sure that the alignment and the
development process was all right if the He-Ne line was
found.
3) After shifting down the film, and turning the drum of
the monochromater to 6943, we began taking down the spectrum
GE the-\scattered light of the air spark. First, we covered
the lower part of the input slit and exposed the film under
scattered light from the air spark. Then, we covered the
upper part of the input slit and exposed the film under the
scattered light from a needle. For the latter exposure, the
intensity of the ruby laser beam was reduced by four orders
of magnitude before falling on the needle. The reference line
obtained in this way was free from mechanical error because
there was no mechanical movement at all.
4) The film was again shifted down. The procedure
discribed above was repeated. A total of seven sets of
exposures were taken on one piece of film.
5) The angle of observation was measured as follows. We
measured the distance between the input slit and the focus of
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focusing lens Ll. Then a point P on the laser beam axis was
chosen and the distances of P from the input slit and the
focus were also measured. The angle of observation was
calculated from the triangle obtained.
(6) After the film was developed, we meaured the
seperation of lines on the film with a travelling microscope.
The wavelength shift was then calculated with the calibrated
dispersion in table 4.1.
(7) Some of the experiments were performed with Pockels
cell as Q-switching and some were with dye cell. We found the
wavelength shift was not depend on which Q--switch was used.
4.2.1.3 Precaution
1) Red filter was put before the slit to reject blue
light which would produce second order image overlapping the
first-order red region.
2) Stray light must be prevented from falling onto the
input slit. We always checked that no lines was recorded when
the intensity of the laser beam was reduced just below the'
threshold to produce air spark.
4.2.1.4 Accuracy
The uncertainty of distance measurement was 0.3cm. That
lead to an error of 2 degrees in the calculated angle.
The uncertainty of measuring the position of spectra
lines was 2pm. The uncertainty of the calibration of the
wavelength was JA/cm. The main contribution to the error of
measurement of wavelength shift was the line width of the
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spectrum. At near forward direction, the error was abut 0.4A
and at near backward direction, the error was up to IA.
4.2.1.5 Result
The spectra* of scattered light observed at. several
angles were shown in Fig 4.7.
No wavelegth shift was observed in the forward
direction.
At 90 degrees with respect to the laser bears, a strong
line shifted to blue side and a weak line shifted to red were
found. These two lines were always found together whenever
the air spark occured. The shift to blue was 2.OA while the
shift to red was also 2.3A. The line width was 1.18A. Besides,
a weak line was found close to the blue shift line.
When observing the scattered light in 45 degrees,
neutral density filters were added before the input slit
because the intensity of the scattered light was very high
The line width is 0.4A which was less than that when the
angle was larger than 90 degrees.
A line of 6943A scattered from the glass was found when
studying the backscattered light of air spark, and so the
reference line from the needle was not needed. A complex
structure of the spectrum of the scattered light was noticed.
Sometimes, a broad weak line was found on the long wavelength
side of the blue shifted line. Similar structure was also
observed at an angle of greater than 90 degrees.
In order to obtain more information, we plotted a curve
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of wavelength shift against observation angle, as shown in
Fig. 4.8. The data points at angles 1.80, 140, 113, 90 degrees
were used to fit the equation of
W
were alsoand bsinwith b=2.5A. Curves of bsin
plotted on the same graph. The experimental curve was close
to the curve of bsin
We also noticed the large fluctuation of the data points
in th graph. The line width of the spectrum was less than 1A
and was not sufficient to explain the fluctuation. No
correlation between the wavelength shift and the intensity of
the scattered light was found.
4.2.1.6 Discussion.
The ratio of the wavelength shift at 90 degrees to that
at 180 degrees was 1.4 which contradicted the result of
Mandel'shtam et al.(1965) who obtained a ratio of 2. They did
not show how they got their result but our result was
supported by the data at other angles. The curve sin
fitted the data at angle greater than 90 degrees. In the
model of expanding sphere as discussed in section 3.1, the
light observed in different angle was reflected by different
surface travelling with different velocity and so a curve of
wavelength shift against angle would deviate from a curve of
which was deduced by a backward travelling
scatterer. Mandel'shtam et al. had accepted the explanation
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of the expanding sphere in their next article by Korobkon,
Mandel'shtam at el. (1967).
With the value of b, the maximum wavelength shift, we
could calculate the average velocity of the expanding sphere
to be 5.6 x 106cm/s. Korobkin at el. (1967) derived the
maximum velocity from Doppler effect to be 1 x 10 7cm1s. The
results were consistent.
In Fig 4.8 we found that the wavelength shift at small
angle was smaller than the wavelength shift predicted. The
mechanism other than reflection might be dominant at angle
less than 90 degrees and so the wavelength could not be well
predicted. Further discussion was in experiment 4.2.
In Fig. 4.8 we also found that the fluctuation of
wavelength shift in the same observation angle was very
large. The line width was loss than the magnitude ot
fluctua', ion on. We thought that the speed of the expanding
sphere varied a lot in each spark.
The structure of spectrum line for greater than 90
degrees might indicate that the scattering of other mechanism
might also be observed at those angles.
4.2.2 The effect of Electric field on wavelength shift of the
scattered light from the air spark
4.2.2.1 Setup
The setup was similar to that of Experiment 1.1 except
that two electrodes were placed near the spark. The potential
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was about 4500V and the electric field was along the laser
beam axis. The first pairs of electrodes was with 3mm
separation and had 6mm diameter hole on them. The second
pairs of electrodes was with 2mm separation and had 1.5mm
diameter hole on them. The first pair would produce an
electric field up of about 3.3 x 10'V/cm, while the second
one about 2.5 x 104V/cm.
4.2.2.2 Result and Discussion
The application of an electric field did not cause any
additional shift.
The scattered light was reflected or refracted by the
shock wave front of the air spark which was a collective
behaviour of the ion. The velocity of the shock wave front
was not affected by the electric field and so the wavelength
shift of the scattered was not affected by the electric
field.
4.2.3 Study of the spectra of the scattered light of the air
spark obtained by Ma and Zhenq (1983)
Ms Ma and Mr Zheng studied the spectra of the scattered
light of the air spark at our college in 1982. They had got
some strange results. After we had studied the film of the
spectra they got, we performed the following experiments to
explain their results.
Taking away the red filter in front of the input slit of
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the monochromator, we found another line at the blue side of
6943A. We found that it shifted about 15A from 6943A. We
a
were sure that it was the line at 6928.4A found by Ma and
Zheng (1983) after we had compared our films with their
films. We recorded the spectrum of the scattered light with a
color slide and found that the line was blue. We thought that
it was a second order image of the blue range of the
scattered light of the air spark.
` When we took away the blocks which prevented the -stray
light from ruby laer system, we obtained the some strange
spectra that was the same as the result which Ma and Zheng
got. We obtained the same result even when we took away the
focusing lens which produced air spark. We thought that the
stray light from the laser system entered the input slit in a
small brazing angle and it liglhhtcined tfh(2 in:3ic_c metal of the
slit. The spectrum obtained was only an image of the
lightened metal and so it was not a shape line. We verified
our guess by comparing the results between the setup with












Fig. 4.6 Experimental setup for obtaining the spectrum of
the air spark in defferent angle
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Fig. 4.7a =0o Fig. 4.7b =37o








Fig 4.7 The spectrum of the scttered light at
different angles
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4.3 Studies of the Intensity Distribution of the Scattered
Light from the Air Spark
The intensity distribution of the scattered light of the
air spark was studied in the three orthogonal planes. The
mechanism of the air spark scattering were discussed. The
index of refraction of the plasma in the air spark was
estimated. The polarization of the scattered light was also
studied.
4.3.1 Study of the intensity distribution in the plane
perpendicular to the laser beam axis
4:3.1.1 Setup
The setup was shown in Fig 4.9. xt polar i zer was added
before the focusing lens. The detecting devices were a
photodiode together with a fast oscilloscope and a light
shielding box. The scattered light pulse was monitored by the
oscilloscope and the stray light was rejected by the
shielding box. Detail discussion about the devices was in the
section 4.1.3.
4.3.1.2 Procedure
(1) A 6943A interference filter was placed before the
photodiode. A red filter and suitable neutral density filters
were then placed before the interference filter. The amount
of neutral density filter was chosen so that the intensity of
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light was within the operating range of the photodiode. All
the filters and the photodiode were placed inside the optical
sheilding box shown in Fig. 4.5.
(2) A needle was placed at the location of the spark.
14.
The shielding box with the filters and.the photodiode was
placed at about 16cm from the spark in a plane perpendicular
to the laser beam axis and at different azimuthal angle.
Careful alignment was done to ensure that the scattered light
reached the photodetector.
(3) The temporal profile of the scattered light was
monitored by the oscilloscope. The peak value represented the
intens ii,:y. The data obtained was normalized with the solid
angle subtended by the detector and with the transimission of
the neutral density filters. No attempt was made to normalize
the result with the intensity of the incident laser beam
because we thought that the formation of the spark was so
random that the intensity of the scattered light would vary a
lot even though the intensity of the incident laser beam did
not change. Several readings were taken at each angle. The
magnitude of flutuation of the intensity was shown from them.
(4) All the data were taken when the dye cell was used
as Q-switching.
4.3.1.3 Precaution
(1) We paid great attention to the pulse shape of the
scattered light. As we knew that the pulse width of the
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scattered light was shorter than the pulse width of the
incident laser, we believed that some stray light reached the
detector if the width of the pulse detected was equal to the
width of the incident laser beam. The setup then should be
carefully rearranged so that no stray light could reach the
photodiode.
(2) We always checked that no signal was obtained when
no spark was generated even thought the intensity of the
incident laser beam was just below the threshold of
generation of the air spark.
4.3.1.4 Accuracy
(1) The accuracy of the measurement of the angle was
discussed in section 4.2.1.2. The error of the angle
measurement was 2 degrees.
(2) The error of the intensity was mainly contributed by
the error of reading of peak value in the oscilloscope. The
scale in the oscilloscope was 0.2 units while the signal was
in the range of 0.5 to 5 units. The error was 10% in average.
4.3.1.5 Result and Discussion
The intensity against 7 was plotted in Fig 4.10.
Nonzero readings were obtained at 0 and 180 degrees. A curve
of
was used to fit the data and it was also plotted in
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Fig. 4.10.
Thomson scattering should be rejected as the reason of
the scattering beacuse it could not explain the non-zero
readings at 0 and 1.80 degrees.
The intensity ratio of the scattered light at location
perpendicular and parallel to the polarization vector of the
incident beam was 2.3. Savchenko and Stepanov (1968) got a
ratio of approximately 2. They concluded that the scattering
was the reflection from the surface of the air spark. From
the ratio we got, we found, according to the theory of
reflection discussed in section 3.3.2_, the index of
refraction was 0.73. The value of the index of refraction was
correspondance to the electron density of 1.1 x 1021cm--3.
This value was too large to be accept because the density of
nitrogen molecule at S.T.P. was only 2.7 x 1019cm-3. If all
the electron left the nitrogen molecule, the electron denstiy
would reach 3.8 x 1020 cm-3 which was an order of magnitude
less than the electron density estimated above.
The index of refraction obtained according to the
K
discuss,'-''on above was only a lower limit. Successive
refraction of several tiny spheres with different optcial
density from air might also contribute to the scattering at
90 degrees. To estimate the electron density, we could not
use the reflection model only. Further discussion was in the
next experiment.
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4.3.2 Study of the intensity distribution in the plane
parallel to the laser beam axis, both perpendicular and
parallel to the polarization vector of the laser beam
4.3.2.1 Setup and procedure
The setup and procedure were all the same as the
previous experiment except that the location of- the
photodetector was changed. Fig 4.11 showed the location of
the detector.
4.3.2.2 Result and Discussion
The angle of observation was limited between 30 and 150
degrees because, indicated by the pulse width of the signal,
scattering from the surface of the focusing lens would reach
photodetector when the angle was beyond the range.
The intensity distribution was plotted in a semilog
graph in Fig 4.12. Wang and Davis (1971) performed the
similar measurement. They found that intensity of near
forward scattering was very large in comparison with the near
backward scattering, and so did we. But we got the ratio
between the intensity of near forward and near backward
scattering to be 10000 while Wang and Davis got only 10.
In Fig. 4.12, we found that the two curves, the
intensity distribution of the scattering in the plane
perpendicular arfd parallel to the polarization vector of the
incident beam, were both monotonic decreasing. They coincided
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at small angle and then separated as the angle increased. At
near backward, the two curves separated in one order of
magnitude.
The curve of intensity distribution in the plane
parallel to the polarization vector of the incident beam was
expected a minimum according to the theory of reflection. But
no miminum could be found.
We compared the two experimental curves of angular
distribution with the theoretical ones. Several indexes of
refraction were tried but no agreement could be reached.
As we had seen, the experiment was not well explained by
the reflection model. Other mechanism of scattering should be
accounted for. Refraction from a tiny sphere with index of
refraction near 1 was not sufficient to deviate the incident
to large angle. But successive refraction from several scup
spheres would deviate the incident to a large angle. The
scattering in the near back direction might be due to
reflection because the light from refraction could not reach
such a large angle. The scattering in the near forward
direction might be due only to refraction because of the high
intensity. The scattering at angle of 90 degrees might be due
to reflection or refraction that depended on which was with
higher intensity. From the fact that the minimum predicted by
the reflection model was not found, we thought the refraction
process was with higher intensity.
57
We could assume that the intensity of the scattering
would approach to the intensity of the incident as the angle
decreased. From the intensity ratio of the backward
scattering and forward scattering, we could find the
reflectance of the medium was of 0.0001. That led to the
result that the index of refraction was 0.98 and the
19
electron density was 9.1 x 1019cm-3 according to the
equation (3-8) and (3-21), assuming the collision frequency
was zero. Usually, the collision frequency was not zero
and so the electron density obtained above was only an upper
bound.
4.3.3 Study the polarization of the scattered light at 90
degrees
4.3.3.1 Result and discussion
The same setup was used to study the polarization of the
scattered light from the air spark at 90 degrees. Before the
detector, an analyzer was placed. When we changed the
orientation of the analyzer, we got the ratio of the maximum
and the minimum intensity recorded was of 12.
The polarization of the incident beam was also studied
with the same devices and the ratio of the maximum and the
minimum intensity recorded was of 500.
The scattered light was polarized but the polarization
was not the same as the incident beam. The result might be







Fig 4.9 The experimental setup studing the intensity
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Fig 4.10 The experiment resuit of the intensity










Fig 4.11a The experimental setup studing the intensity
distribution in the plane parallel to the laser beam







Fig 4.llb The experimental setup studing the intensity
distribution in the plane parallel to the laser beam
axis and parallel to the polarization vector of the
laser beam
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perpendicular to E vector








Fig 4.12 The experiment result of the intensity distribution






4.4 Studies of the Temporal Profile of the Scattered
Liqht from the Air Spark
4.4.1 Setup and Procedure
There were three experiments. We observed the temporal
profile of the scattered pulses, compared the scattered
pulses with the incident pulses and recorded the delay of the
scattered pulses after the occurance of breakdown.
The setup was the same as experiment 4.3.1. The detector
was placed at the plane parallel. to the laser beam axis and
perpendicular to the polarization vector of the polarized
laser beam. The temporal profile of the scattered light
pulses in different angles were monitored by the
oscilloscope.
The procedure for comparison of the scattered light
pulse with the incident laser pulse was as follows. The
scattered pulse was recorded by the storage oscill.scope. Them
without moving the detector, a glass plate was placed at the
focus of the focusing lens to reflect the laser beam onto the
photodetector. The intensity of the laser beam was suitably
reduced with neutral density fil.ters before the beam fell on
the glass. The pulse of the laser beam overlaped with the
scattered pulse.
The procedure for measurement of the timing of the
scattered pulse was as follows. An additional detector was
placed in the forward direction. It monitored the transmitted
64
pulse which peak would indicate the occurance of breakdown
The transmitted pulse was added to the scattered pulse from
the original detector and then was monitored by the CPO The
delay of the scattered pulse after breakdown was the
separation of the two peaks.
4.4.2 Result and Discussion
The temporal profile of the scattered light pulses from
the air spark observed at angles from 0 to 149 degrees were
shown in Fig. 4.13. We found that the duration of the
scattered pulses was shorter than the incident laser pulse.
The full width at half maximum of the scattered light pulses
was 4 to 6 ns while the width of the laser pulse was l5ns.
The intensity of the scattered-light reduced to zero 1.0 ns
after the breakdown occured even though the incident beam was
still intense.
On the other hand, at angle greater than 1,20 degrees, a
second peak was found at 22ns after the first peak. It was
not electrical noise because it was not found at the near
forward direction. The ratio of the peak value of the second
pulse and the first one varied a lot from shot to shot but we
were sure that it increased with the angle.
The temporal profile of the first pulse was the same in
all angles of scattering.
At 0 degree, the signal obtained was the transmission of
the incident. It rose like the incident beam and then reached
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a maximum when the breakdwon happened. It fell. back to zero
not so fast as the scattered light pulses did.
Fig 4.14 showed the comparison of the scattered light
pulses with the incident pulses. it was clearly shown that
the scattered pulses were shorter than the incident pulses.
The scattered light pulses started when the incident pulses
reached a certain value and then the scattered :Light pulses
reached its maximum before the incident pu1.ses did. The
scattered light pulses fell to zero long before the incident
pulses. The second pulses, observed at near backward
direction, fell to zero when the incident did.
Fig 4.15 showed the measurement of the delay of the
scattered light pulse with respect to the occur_ance of
breakdown. We found that the peak of the scattered pulse was
6 to 8 ns after the breakdwon ocurred. The delay of the first
pulse was roughly the same in the near forward and backward
direction. Furthermore, we found that the starting of the
breakdown was the starting of the scattered pulse.
In experiment 4.2, the intensity was read f torn the peak
value of the first pulse. From the intensity distribution, we
concluded that the first pulse of the scattering was from
reflection and successive refraction. In this experiment, we
found that the duration of the first pulse was very short.
We concluded that the duration of the scattering mechanism of
the first pulse was shorter than the laser pulse.
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We did not studied the intenstiy distribution of the
second pulse because the second pulse could only be seen in
the near backward direction. But we found that the second
pulse scattered to the plane parallel to the polarization
vector of the incident beam was two order of magnitude less
than the second pulse scattered to the plane perpendicular to
the polarization vector of the incident beam. We guessed the
second pulse was the reflection of the shock wave -front
because it was quite sensitive to the polarization of the
incident beam but further evidence was needed.
The development of the air spark might divided into two
stages. When breakdown happened, electron density grew
exponentially at some points. Great heat was then transfered
to the ion and the air molecule to produce a blast wave. At
this stage, electron density was high because the electron
had no time to diffuse away. We could see several tiny spots
at the focal region because of the reflection and refraction
of these spots. Later the blast wave grew and the electron
density decreased rapidly as the electron diffused away. The
scattering could not be seen then. That was why the duration
of the first pulse was so short.
As the blast wave absorbed more energy, the shock wave
front became dense enough to absorb all the laser energy. The
one dimension laser supported detonation wave was then
developed. The plasma at the shock wave front was generated
by the adiabatic compression of air at the shock wave front.
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Reflection might occur at the shock wave front because of the
presence of the plasma. It might be the cause of the second
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Fig. 4.14 The comparison of the scattered pulses and
the laser pulses









Fig. 4.15 The delay of the scattered pulses after
breakdown





From our experiments, we obtained new information about
the laser air spark scattering.
In experiment 4.2, we studied the wavelength.shift of
the scattered light at different angles. It was the first
experiment that studied the wavelength at more than two
angles of observation. We obtained a curve of wavelength
against angles which was shown in Fig. 4.8. From the curve,
we found that the reflection model was better than the
Thomson scattering model for the explanation of the
wavelength shift of the scattered light at the near backward
direction. In the model of Thomson scattering, if the
electrons travelled in all direction, we could not find a
sharp line in the spectrum of the scattered light, and could
not mearsure the wavelength shift from it. If all the
electrons travelled towards the laser, the relation between
the wavelength and the angle of observation would be a curve
In the model. of reflection, if the scatteringof
was reflected from a surface of an expanding sphere, the
relation between the wavelength and the angle of observation
our experimental resultwould be a curve of
favoured the model of reflection as the explanation of the




In experiment 4.3, we studied the intensity distribution
of the scattered light. This was the first experiment that
the intensity of the scattering was read from the peak value
of the temporal profile. When we studied the scattering
intensity distribution in the plane normal to the laser beam
axis, we found the Thmoson scattering model could not be used
to explain the non-zero reading of scattering* in the
direction parallel to the polarization vector. At the same
time, we found the reflection was insufficient to explain the
intensity ratio between the scattering at the direction
perpendicular and parallel to the polarization vector.
In the two orthogonal planes parallel to the laser beam
axis, we got two monotonic decreasing curves of intensity
against angle. The highest value of the intensity of the
scattering was about four order of magitude higer than the
lowest one. The reflection model could not fit our results.
If the scattering was from the reflection of the surface of
the sphere, the scattering intensity was only dependent on
the reflectance of the surface. This model predicted a
minimum in the curve of the intensity distribution in the
plane parallel to the laser polarization vector of the
incident beam our results showed no such minimum. In fact,
no matter how we chose the value of the index of refraction,
the experimental curves of the intensity distribution in the
two planes could not be matched by the model. We had
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carefully checked the data of the scattering intensity before
we reported the result.
. We believed that the reflection was not the only cause
of the scattering. Although refraction from breakdown spot
would not deviate the incident beam very.much but successive
refraction from a number of tiny breakdown spots would do so.
More experiments should be done, before definite conclusion
could be made. For example, we could study the scattering at
different frequencies of the incident beam because
transimission would increase and reflection would decrease if
the frequency of the incident beam.increases. Wang and Davis
(1971) got an experimental result that favoured the
reflection model when they used a Nd3+_glass laser. The
problem would be clear if several lasers were used to study
the intensity behavior of the scattered light.
In experiment 4.4, we studied the temporal profile of
the scattered light. This was the first time that the
temporal of the scattered light was ever studied in detail.
We found that the time profile contained two pulses. The
first pulse was with short duration and was seen at all
angles while the second one was with longer duration and was
seen only in the near backward direction. The intensity
distribution obtained in experiment 4.3 was the intensity of
the first pulse. The intensity distribution of the second
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pulse was not studied because the second pulse could not be
seen at angle smaller than 110 degrees due to the high
intensity of the first pulse. On the other hand, we found
that the scattering intensity in the plane perpendicular to
the polarization vector of the incident beam was two order
magnitude larger than the one in the plane parallel to the
polarization vector of the incident beam. We suspected the
second ,)ulse was the reflection of some shock wave front, but
further evidence was needed.
Ambartsumyan et al. (1965) and Korobkin et al. (1967)
observed the two steps of the development of the air spark.
They found that the successive breakdowns at separate points
was before the generation of the detonation wave. We thought
the first pulse of scattering.was from the high electron
density breakdown spots in which electrons concentrated
because they had not enough time to diffuse away. The second
pulse was from the high electron density of the detonation
wave front where electrons were generated by the heat formed
from the adiabetic compression of the air molecucle at the
shock wave front. The duration of the first state was short
because the scattering stopped when the electron diffused
away after breakdown. The second state was with longer
duration because the detonation wave disappered only when the
laser beam was off.
From the intensity of the scattered light at the near
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backward direction where reflection was assumed to dominate,
we estimated the electron density at the first state to be
9.1 x 1019cm-3. At the second state the electron density
would be less than that value because the intensity of the
scattered light was less.
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